Catalytic pyrolysis of gas oils derived from Canadian synthetic crude oil on a kind of zeolite catalyst was conducted in a confined fluidized bed reactor for the production of light olefins. The overall reactants and products were classified into nine species, and a nine-lump kinetic model was proposed to describe the reactions based on appropriate assumptions. This kinetic model had 24 rate constants and a catalyst deactivation constant. The kinetic constants at 620 ∘ C, 640 ∘ C, 660 ∘ C, and 680 ∘ C were estimated by means of nonlinear least-square regression method. Preexponential factors and apparent activation energies were then calculated according to the Arrhenius equation. The apparent activation energies of the three feed lumps were lower than those of the intermediate product lumps. The nine-lump kinetic model showed good calculation precision and the calculated yields were close to the experimental ones.
Introduction
Traditional catalytic cracking is an important process in refineries, aiming to produce gasoline and diesel. The target products will be light olefins (ethene, propene, and butene) if catalytic cracking is conducted at higher reaction temperature and larger catalyst to oil weight ratio, and the process is also called catalytic pyrolysis. Catalytic pyrolysis is a promising approach for producing light olefins. Having higher light olefin yields, lower energy consumption, and wider feed scope are a number of advantages of this process over conventional steam cracking. The catalytic pyrolysis feeds include butane [1, 2] or heavier alkanes [3, 4] , butene [5, 6] or heavier olefins [7] [8] [9] , 5 raffinate [10] , natural gasoline [11] , naphtha [12, 13] , fluid catalytic cracking naphtha [14, 15] , coker naphtha [15] , gas oil [16, 17] , heavy oil [18, 19] , waste tire [20] , plastic mixture [21] , and bio-oil or biomass [22, 23] .
Catalytic pyrolysis involves a series of complicated reactions, such as large molecules cracking, light olefins dimerization, carbonium ions isomerization, aromatization, and hydrogen transfer [18, 24] . The kinetic study is important in understanding reactions, designing and simulating the reactor, predicting the reaction performance, and optimizing operating conditions.
The complex mixtures of catalytic pyrolysis can be described by lumping the large number of chemical compounds into groups of pseudo components according to the boiling points and molecular characteristics of the chemical compounds. Several lumping kinetic models are available for the catalytic pyrolysis of propane [25] , 4 hydrocarbons [26, 27] , naphtha [28] , gas oils [16, 29] , and heavy oils [30] [31] [32] . These studies can be used as references in the kinetic study of the catalytic pyrolysis of gas oils. One aim of lumping kinetic models is to select and optimize cracking feeds, which requires more than one feed lump in the model. However, most of the published lumping models contain only one feed lump. Nonaromatic and aromatic lumps are used to describe the cracking feeds in an eight-lump kinetic model for the catalytic pyrolysis of heavy oils [32] . Both the paraffinic and naphthenic groups belong to the nonaromatic lump, but their reaction performance is different.
Synthetic crude oil (SCO) derived from oils and bitumen is an important and abundant petroleum resource. China University of Petroleum has developed a suitable cracking 2 International Journal of Chemical Engineering catalyst for SCO gas oils [33] in order to enlarge the feed source of light olefins production and to explore new processing ways of SCO. This study aims to investigate the cracking performance of several gas oils derived from Canadian SCO and to develop a nine-lump kinetic model with three feed lumps for the catalytic pyrolysis of gas oils. This research will give positive information for the development of new catalytic pyrolysis process.
Experiments

Feeds and Catalyst.
Five kinds of gas oils, namely, heavy gas oil (HGO), light gas oil (LGO), heavy atmospheric gas oil (HAGO), heavy vacuum gas oil (HVGO) derived from Canadian SCO, and hydrotreated HVGO (HHVGO), were used in this research. The main properties of these feeds are listed in Table 1 . A kind of zeolite catalyst developed by China University of Petroleum for catalytic pyrolysis [33] was used in this study. The active components of the zeolite catalyst include modified HZSM-5, beta zeolite, and Y-faujasite zeolite. The main properties of the catalyst are listed in Table 2 .
Apparatus.
The experiments were conducted in a confined fluidized bed reactor with a filter on the bed top to prevent catalysts from escaping. The apparatus diagram is shown in Figure 1 . The apparatus consisted of five sections, namely, oil and steam input mechanisms, a reaction zone, a temperature control system, and a product separation and collection system. Experiments were conducted in batches, and the catalyst for each experiment is fresh. In each experiment, 50 g of the catalyst was loaded into the reactor, with an effective volume of approximately 580 cm 3 . Distilled water was pumped into a furnace to generate steam, which was used to fluidize the catalyst. Feedstock was pumped and mixed with the steam. The mixture was heated to approximately 500 ∘ C in a preheater and then entered the reactor. Reactions occurred as the feed made contact with the fluidized catalyst. After the reaction, the oil gas was cooled and separated into liquid and gas samples by the product separation and collection system. The spent catalyst was drawn out of the reactor by a vacuum pump. The pyrolysis experiments were performed at reaction temperatures between 600 ∘ C and 700 ∘ C.
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Analytical Methods.
Pyrolysis products include gas, liquid, and coke. The gas sample was analyzed by a refinery gas analyzer to determine the volume percentage of the components. The analyzer was manufactured by Agilent Technologies Inc., which includes an Agilent 6890 gas chromatograph equipped with a hydrogen flame ionization detector and a thermal conductivity detector and a ChemStation software. Data were converted to mass percentages with the state equation of ideal gases. The liquid sample was analyzed with a simulated distillation gas chromatograph to obtain the mass percentage of gasoline ( 5 -200 ∘ C), diesel (200-350 ∘ C), and heavy oil (>350 ∘ C). The coke content of the spent catalyst was measured with a coke analyzer.
Cracking Performance of Various Feeds
The cracking performance of the five kinds of gas oils was investigated at 640 ∘ C. Catalyst-to-oil weight ratio, weight hourly space velocity, and steam-to-oil weight ratio remained constant at 16.7, 6.7 h −1 , and 0.67, respectively. Table 3 lists the feed conversion and product yields. In this study, feed conversion was the sum of the yields of dry gas, liquefied petroleum gas (LPG), gasoline, and coke.
CP (characterization factor) is proposed to characterize the cracking performance of various feeds and the cracking performance increases with increasing CP value [34] . The CP values of the feeds are listed in Table 1 . HAGO showed the highest CP value and the best cracking performance among these feeds, the feed conversion reached 80.40 wt%, the yield of total light olefins reached 43.77 wt%, and the selectivity of total light olefins reached 54.45%. The cracking performance of LGO and HHVGO ranked medium, the feed conversion was about 70 wt%, the yield of total light olefins was about 35.6 wt%, and the selectivity of total light olefins was around 50%. The CP values of HGO and HVGO were low and the cracking performance of these feeds was not good, the yield of total light olefins was only about 32 wt%, and the selectivity of total light olefins was around 44.4%. The coke yield of HVGO reached 11.47%, which was approximately twice that of the other feeds. This phenomenon may be caused by the large amount of aromatic and naphthenic carbon in HVGO.
Development of Nine-Lump Kinetic Model
Establishment of the Physical Model.
The feed properties had a strong influence on product distribution. The feed was required to be divided into several lumps to widen the applicable scope of the model. The cracking performance of paraffins, naphthenes, and aromatics is quite different. The feed can be divided into three lumps, namely, paraffinic carbon (lump 1), naphthenic carbon (lump 2), and aromatic carbon (lump 3). The aromatic rings are stable and may thus have difficulty in undergoing ring-opening reactions under the present experimental conditions [35] . Therefore, aromatic carbon was not considered in the formation of gas products. However, the side chains of the aromatic rings could crack, lowering the boiling point of the aromatic component. Accordingly, aromatic carbons can form gasoline; however, the reaction differs from the cracking reactions of other feed lumps. Reactions among feed lumps are usually not considered; however, the reaction of naphthenic carbon to aromatic carbon was considered in this research because naphthenic rings could convert to aromatic rings by dehydrogenation reaction [36] .
The targeted products of catalytic pyrolysis are light olefins, which are contained in dry gas and LPG. Hydrogen, methane, ethane, propane, and butane are byproducts. The formation mechanisms of these gas components are different; hydrogen, methane, and ethane are mainly formed through free radical mechanism, whereas ethene, propene, butene, propane, and butane are formed by both carbonium ion and free radical mechanisms [37] . Therefore, the gas components were divided into four lumps, namely, the combination of propene and butene (lump 5), the combination of propane and butane (lump 6), ethene (lump 7), and the combination of hydrogen, methane, and ethane (lump 8). The hydrogen transfer and dehydrogenation reactions between light olefins and light alkanes were neglected. No reaction was considered between lumps 5 and 6. Similarly, no reaction was considered between lumps 7 and 8.
Gasoline was considered a lump (lump 4) since it was the cracking intermediate product and its yield was high. Coke was also considered as one lump (lump 9) since coke yield was important to the thermal balance of catalytic pyrolysis.
Thus, a nine-lump kinetic model was established. The physical model (reaction network), which is shown in Figure 2 , contained 24 reactions. The nine-lump model was based on the previously reported seven-lump model [29] . The network of reactions among lumps 4, 5, 6, 7, 8, and 9 in the nine-lump model was similar to that of the seven-lump model.
Development of the Mathematical Model.
In the physical model of the catalytic pyrolysis of gas oils, the reaction of lump forming lump can be expressed in the following mathematical model:
Several assumptions were made to simplify the mathematical model. The catalytic pyrolysis of gas oils is part of a gas-solid two phase catalytic reaction process, and the controlled steps are chemical reactions. The confined fluidized bed reactor can be considered an isothermal plug flow reactor. Radial dispersion in the reactor was negligible. The reaction order was assumed to be of the first order in this study because each lump did not consist of a complex mixture of different structure types of hydrocarbons and the boiling rage of each lump was not wide.
In the isothermal, gaseous phase and plug flow reactor, the reaction system can be described by the following continuity equation: The reaction rate , which is proportional to the molar concentration of lump ( ) and the mass density of the catalyst to the gas volume ( / ) can also be expressed as follows:
Rate constant is not a constant, and it decreased with catalyst time on stream as a result of catalyst deactivation. Equation (4) can be deduced from (2) and (3):
The residence time of oil gas was much shorter than that of the catalyst in the confined fluidized bed reactor, indicating that the changing speed of concentration over time was much lower than the changing speed of concentration with position. Therefore, (4) can be simplified to the following:
The nondimensional length of the cross section in the bed ( ) can be expressed by = / , where is the distance from the reactor entrance to the cross section in the bed, and is the total length of the bed. Equation (5) can be expressed as follows:
Equation (7) can be obtained from the definition of and weight hourly space velocity ( WH ):
Equation (8) can be deduced from (6) and (7):
International Journal of Chemical Engineering 5
The catalyst activity decreases with catalyst time on stream. The catalyst deactivation function ( ) is often used to describe the influence of catalyst deactivation on reactions in kinetic studies of lumping models. The actual rate constant is equal to the product of the intrinsic rate constants and . does not vary with time:
The density of oil gas can be expressed as (10) with the assumption that the oil gas followed the state equation of ideal gases:
Equation (11) can be deduced from (8) to (10):
The mean molecular weight ( ) is not a constant, and it varied with . can be calculated using (12) , where = 0 to consider the influence of steam on :
According to the reaction network of the nine-lump kinetic model and (11), the mathematical equations of the nine lumps can be written as follows: 
The reasons for catalyst deactivation include coking, poisoning, and sintering, among which, coking was the most important. The catalyst deactivation function ( ) can be described by a function depending on catalyst time on stream, as shown in the following:
Solutions of Model Parameters
The nine-lump model contains 24 rate constants and a catalyst deactivation constant. The reaction performance of the gasoline lump was assumed to be similar to that of the seven-lump model [29] because the cracked gasoline showed a similar reaction performance [38] . The reaction performance of lumps 5 and 6, as well as the catalyst deactivation performance, was also considered to be similar to those of the seven-lump model [29] . Therefore, the model parameters of 45 , 46 , 47 , 48 , 49 , 57 , 58 , 67 , 68 , and were already known. The other 15 rate constants of the nine-lump model were estimated using the results obtained at the four reaction temperatures (620 ∘ C, 640 ∘ C, 660 ∘ C, and 680 ∘ C). These constants were estimated by solving the system of differential equations (Equations (13)). The system of differential equations was solved by a program compiled in MATLAB using Runge-Kutta method based on Taylor   6 International Journal of Chemical Engineering theorem. An objective function, which is shown in (15), was established, and Levenberg-Marquardt algorithm was used to accelerate the convergence of the objective function: Table 4 lists the kinetic constants at 620 ∘ C, 640 ∘ C, 660 ∘ C, and 680 ∘ C. The rate constants of the three feed lumps were significantly larger than those of the intermediate products, such as gasoline, the combination of propene and butene, and the combination of propane and butane. The rate constants of paraffinic carbon lump to gasoline and gas lumps were higher than those of the naphthenic carbon lump, indicating that paraffinic carbon was easier to crack than naphthenic carbon. The rate constant of aromatic carbon lump to coke was the highest among the three feed lumps, and the ratio of the rate constant of the aromatic carbon lump to coke to the rate constant of the aromatic carbon lump to gasoline increased with reaction temperature. This phenomenon showed that aromatic rings tended to form coke at high reaction temperatures. The rate constant of gasoline to coke was larger than the rate constants of gasoline to other lumps because the intermediate product gasoline contained a large amount of aromatic rings [35] , indicating that the cracking performance of gasoline was poor.
The preexponential factors and apparent activation energies (listed in Table 5 ) were then calculated using (16) (Arrhenius equation). The apparent activation energies to ethene and to the combination of hydrogen, methane, and ethane were significantly greater than the energies to other lumps. This phenomenon showed that the free radical mechanism played an important role in the formation of these light gas products. The apparent activation energies of the three feed lumps to gasoline, the combination of propene and butene, and the combination of propane and butane were low, suggesting that the carbonium ion mechanism played a significant role in the formation of these products. The apparent activation energy of the aromatic carbon lump to coke was significantly greater than the energies of the naphthenic and paraffinic carbon lumps, suggesting that thermal condensation played an important role in the formation of coke from aromatic rings:
International Journal of Chemical Engineering 7 The apparent activation energies are reportedly between 210 and 290 kJ/mol for hydrocarbon thermal cracking and between 42 and 125 kJ/mol for catalytic cracking [39] . Most of the apparent activation energies forming gasoline (lump 4), the combination of propene and butene (lump 5), and the combination of propane and butane (lump 6) determined in this study are lower than 100 kJ/mol. Thus, catalytic cracking, with the help of the catalyst, plays an important role in gas oil catalytic pyrolysis. However, most of the apparent activation energies forming ethene (lump 7), the combination of hydrogen, methane, and ethane (lump 8), and coke (lump 9) determined in this study are between 100 and 250 kJ/mol, indicating that both catalytic cracking and thermal cracking play important roles. Table 6 shows the calculated average relative error of the product lump yields at four temperatures. The calculated average relative errors were gasoline 6.4%, the combination of propene and butene 4.6%, the combination of propane and butane 9.9%, ethene 5.5%, the combination of hydrogen, methane, and ethane 5.3%, and coke 5.1%. The calculated average relative error was approximately 6%, indicating that the calculated yield was close to the experimental one. In addition, model parameters showed different sensitivities to calculated yields and parameter relative errors were below 15%. The calculated average relative error of the combination of propane and butane was much larger than those of the other product lumps because the yield of the combination of propane and butane was quite low (approximately 2 wt%). Figure 3 shows the comparison of the experimental yields (points) and the model-predicted yields (line) at 640 ∘ C. The predicted yields were close to the experimental ones. These results show that the nine-lump kinetic model had accurate calculation and that the calculated results were reliable.
Model Test and Prediction
Calculation Error.
Variation in Product Yields with Reaction Temperature.
The rate constants at different temperatures were calculated using Arrhenius equation. The variation in product yields was predicted with reaction temperatures ranging from 600 ∘ C to 700 ∘ C in HAGO catalytic pyrolysis. Catalyst-tooil weight ratio, weight hourly space velocity, and steam-tooil weight ratio remained constant at 16.7, 6.7 h −1 , and 0.67, respectively. Figures 4 and 5 illustrate the predicted yields of products (lines) and the experimental yields (points). The predicted yields were close to the experimental ones. The yields of ethene, the combination of hydrogen, methane, and ethane, and coke monotonously increased with increasing temperature, the yield of the combination of propane and butane decreased slightly, whereas the yields of the combination of propene and butene and gasoline reached maxima at approximately 640 ∘ C. The total light olefin yield reached the maximum at approximately 660 ∘ C. 
Conclusions
(1) The cracking performance of HAGO was good, that of LGO and HHVGO ranked medium, and that of HGO and HVGO was poor.
(2) The reactants and products of gas oil catalytic pyrolysis were classified into nine lumps, namely, paraffinic carbon, naphthenic carbon, aromatic carbon, gasoline, the combination of propene and butene, the combination of propane and butane, ethene, the combination of hydrogen, methane, and ethane, and coke. A nine-lump kinetic model was established to describe the reactions, and the kinetic model had 24 rate constants and a catalyst deactivation constant. The mathematical equations of the nine-lump model were deduced.
(3) The kinetic constants at 620 ∘ C, 640 ∘ C, 660 ∘ C, and 680 ∘ C were estimated by means of nonlinear leastsquare regression method. Preexponential factors and apparent activation energies were then calculated using Arrhenius equation. The rate constants of the feed lumps were larger than those of the intermediate product lumps, and the apparent activation energies of the feed lumps were lower than those of the intermediate product lumps.
(4) The nine-lump kinetic model had accurate calculation, and the predicted yields agreed with the experimental ones.
Nomenclature
: Catalyst deactivation constant : Gas density, g/cm Distance from the reactor entrance to the cross section in the bed, cm : Nondimensional length of the cross section in the bed :
Observedvariable.
